In this study a well-characterized pathological mutation at nucleotide position 3243 of human mitochondrial DNA was introduced into human 0 teratocarcinoma (NT2) cells. In cloned and mixed populations of NT2 cells heteroplasmic for the mutation, mitotic segregation toward increasing levels of mutant mitochondrial DNA always occurred. Rapid segregation was frequently followed by complete loss of mitochondrial DNA. These findings support the idea that pathological mitochondrial DNA mutations are particularly deleterious in specific cell types, which can explain some of the tissue-specific aspects of mitochondrial DNA diseases. Moreover, these findings suggest that mitochondrial DNA depletion may be an important and widespread feature of mitochondrial DNA disease.
M ITOCHONDRIAL DNA (mtDNA) mutations are
Rahman et al. 2001) . However, the direction of segregation of mutant mtDNAs can vary according to cellular now a well-recognized cause of human disease.
background or other factors (Bourgeron et al. 1993 ; Pathological mutations often coexist with apparently Dunbar et al. 1995) and in some cases is not observed wild-type mtDNA, a situation termed heteroplasmy (Matthews et al. 1995; Shoubridge 1995) . Nuclear (Holt et al. 1988 (Holt et al. , 1990 Shoffner et al. 1990) . The effects on mtDNA segregation have also been reported mutation at nucleotide position (np) 3243 of human in mice in the case of a nonpathological mtDNA haplomtDNA was one of the first pathological mutations to be type (Battersby et al. 2003) . characterized, often associated with the mitochondrial
In vitro studies of pathological mtDNA mutations have disease, mitochondrial encephalo(myo)pathy, lactic aciexploited cell lines that lack mtDNA. These so-called 0 dosis, and stroke-like episodes, or MELAS (Goto et al. cells are fused with cytoplasts from donor cells con-1990) . In other patients, the same mutation is also taining mtDNA mutations. The resultant cybrids manilinked to diabetes and deafness (MIDD) (van den fest the phenotypic consequences of the mutations in Ouweland et al. 1992) . The A-to-G transition at np 3243 control cell backgrounds (Chomyn et al. 1991) . These is located in the transfer RNA gene that decodes leucine studies have, in the main, utilized cell lines unrelated UUR codons (Goto et al. 1990) and also forms part of to the tissues most affected by mitochondrial disease, the binding site for a transcription termination factor such as osteosarcoma and cervical or lung carcinomas.
(Christianson and Clayton 1988). The mutation ad-
The tissues most commonly affected by pathological versely affects the steady-state level, aminoacylation, and mtDNA mutations are, conversely, brain, muscle, coextent of wobble base modification of tRNA LeuUUR (Chochlea, and pancreatic ␤-cells. myn et al. 1992; King et al. 1992; Yasukawa et al. 2001) .
In an attempt to overcome this methodological probBiased segregation or maintenance of A3243G and lem, we selected, as a recipient for cybridization, a pluriother mutant mtDNAs has been reported both in vitro potent teratocarcinoma cell line from which a number (Hayashi et al. 1992; Yoneda et al. 1992 ; Bourgeron of differentiated cell types can be derived (Chadalaet al. 1993; Dunbar et al. 1995; Holt et al. 1997; Spelvada et al. 2005) , including cells displaying neuronal brink et al. 1997; Vergani et al. 1999) and in vivo (Poulproperties (Younkin et al. 1993) . We depleted (undifferton et al. 1995; Blok et al. 1997; Weber et al. 1997;  entiated) NT2 cells of their endogenous mtDNA by prolonged treatment with dideoxycytidine (ddC), thus creating the desired 0 line. The same rationale lay be- other data not shown). In all five cases, it continued at a concentration of 300 g/ml for a period of ‫1ف‬ month.
to increase, typically reaching 85-95% of total mtDNA NT2 cybrids carrying mtDNA molecules with the A3243G mubefore a rapid loss of mtDNA was observed. Mitochontation were designated NT2.3243, even where cells did not maintain A3243G mtDNA molecules.
drial DNA then became undetectable in the cells be-DNA extraction from cultured cells was as described by tween 45 and 80 days after fusion. Laird et al. (1991) . DNA samples were digested with PvuII,
To test whether growth conditions influence the out- (A3243G) and osteosarcoma cytoplasts carrying 74% A3243G mtDNA, mtDNA and subsequent loss of mtDNA in pooled populations n ϭ 9, standard deviation ϭ 2.37 (X) were fused and 16 hr of NT2 cybrids. Solid symbols are percentages of A3243G later passaged and fractions of eight-tenths, one-tenth, and mtDNA; open symbols are mtDNA nuclear DNA. Squares and one-fortieth were maintained as separate populations. The circles are two populations of cybrid cells from independent proportion of A3243G mtDNA rose to 95% in the case of fusion experiments. X indicates the proportion of A3243G the 1 in 40 dilution (solid circles); thereafter, mtDNA was mtDNA of the mitochondrial donor cytoplasts (t ϭ 0). DNA undetectable by PCR. In contrast, cells of the 1 in 10 dilution was harvested for the first time 17 days after cell-cytoplast (open triangles) mtDNA continued to be detected up to 180 fusion; analysis at earlier time points was inappropriate both days, after which the experiment was terminated. The cell line because cell numbers were low and because unenucleated comprising 80% of the original fusion also maintained mtDNA osteosarcoma cells survived for up to 14 days in G418. The over a long term (data not shown). proportion of A3243G mtDNA was based on the mean of three measurements with a standard deviation of Ͻ2%, determined by last-cycle PCR analysis. The ratio of mitochondrial to nuclear DNA was derived from densitometry of multiplex PCR shared with another pathological mutation or with wildsamples also done in triplicate (standard deviation Ͻ6%).
type mtDNA that is otherwise identical. Notwithstanding, other heteroplasmic pathological mtDNA variants might also precipitate mtDNA loss in the NT2 cell backa normal copy number even 180 days after fusion. This ground. Finally, it must be borne in mind that these suggests that the rate and outcome of mitotic segregaexperiments have studied the behavior of mtDNA from tion in this cell background depends upon a complex only one A3243G patient. Although internally coninterplay of intercellular and intracellular signals.
trolled by wild-type mtDNA from the same patient, it NT2.3243 cybrid clones segregate to mutant and display mtDNA loss: A small number of cybrid clones were obtained from fusions of NT2 0 cells with cytoplasts heteroplasmic for A3243G. Mostly, these exhibited either of two behaviors broadly similar to those of the bulk cultures. Of 22 such clones, 17 thus showed higher levels of mutant mtDNA than the mitochondrial donors did and eventually underwent complete loss of mtDNA. The remaining clones, however, had lower levels of mutant mtDNA (Յ50%, 2 of them being 0%) and did not lose mtDNA. Those that were heteroplasmic showed a slow increase in the amount of mutant mtDNA over many months, but eventually stabilized at ‫%09-08ف‬ heteroplasmy (Figure 3) .
Since wild-type mtDNA was maintained in the NT2 Figure 3 .-Rare NT2.3243 clones that maintained mtDNA displayed biased segregation to mutant mtDNA. Two of three cell background, loss of mtDNA cannot be a general heteroplasmic clonal cell lines that had a normal mtDNA copy property of this particular recipient cell line. To test number were maintained in continuous culture for ‫005ف‬ days whether it applied also to mtDNAs carrying other pathoafter fusion: NT2.3243a (shaded diamonds) and NT2.3243b logical mutations, we carried out parallel cybrid fusions (solid circles). A subclone of the NT2.3243a cell line, denoted NT2.3243a2, was also monitored (open triangles). These cywith donor cytoplasts carrying the A1555G mutation brids were products of a fusion between a mixed fibroblast/ (Prezant et al. 1993) . A total of 12 cybrid colonies myoblast line with 45% A3243G mtDNA (n ϭ 5, standard selected at random were all homoplasmic for A1555G deviation Ϯ3.4%) and NT2 0 cells; in another fusion experiand maintained normal levels of mtDNA (data not ment, the same cells yielded cybrids, all of which lost mtDNA, shown). Therefore, systematic loss of mtDNA in the as was the case with fusions derived from osteosarcoma cytoplasts containing 74% A3243G mtDNA.
NT2 cell background is specific to A3243G and is not mtDNA, but mtDNA appeared to be stably maintained in the remaining cybrids, even though they showed very which is rescued by a second mutation in tRNA LeuCUN at np The fact that some NT2 cybrid clones with Ͼ99% 12,300.
A3243G mutant mtDNA were able to maintain mtDNA suggests that the level of mutant mtDNA is also not an absolute determinant of loss or retention of mtDNA. cannot be excluded that other polymorphisms present in the mtDNA influence the behavior of A3243G mutant Intercellular selection can affect the direction and endpoint of segregation in NT2.3243 cybrids: On the mtDNA. If this applies in vivo, the phenotypic outcome may thus also depend on the mtDNA haplotype. basis of the above experiments, the retention or loss of mtDNA did not appear to be influenced by respiratory Loss of mtDNA in NT2.3243 cybrids is independent of respiratory phenotype: Respiration in NT2.3243 cyselection. However, this does not exclude intercellular selection from influencing the change over time in the brids showed a classical threshold effect ( Figure 4A ). Oxygen consumption of cybrids with 69% or even 80%
proportion of mutant vs. wild-type mtDNA in those cybrids that retained mtDNA. To test this, we co-cultured A3243G mutant mtDNA was indistinguishable from that of controls with 0% mutant mtDNA, whereas a cybrid a cybrid clone with Ͼ99% mutant mtDNA, showing a very low rate of respiration, with one that had stabilized bearing 84% mutant mtDNA showed a much lower rate of oxygen consumption. This suggests that above a cerat 86% mutant mtDNA and exhibited only a partial respiratory impairment. The initial mixture contained tain heteroplasmic threshold, the presence of A3243G mutant mtDNA is of little metabolic benefit to NT2 cells ‫%05ف‬ of each clone of cells. Over a period of 8 weeks of continuous culture, the mixed culture showed a proand might even be harmful or burdensome, providing a selective mechanism favoring its loss. gressive reduction in the average level of A3243G mutant mtDNA until reaching 86% ( Figure 5 ). This implies To test this hypothesis, we transferred mtDNA from a donor lung-carcinoma cell line containing Ͼ99% that cells with 86% A3243G mtDNA have a growth advantage over those with 99% mutant mtDNA, especially A3243G mutant mtDNA to NT2 0 cells. Once again, a majority of cybrid clones (14/22) showed loss of given that a parallel culture of the 86% mutant cybrid Biased mtDNA Segregation and mtDNA Loss Figure 6 .-The unit of segregation in NT2 cybrids is Ͼ1000. A cybrid cell line with a mean level of 43% A3243G mtDNA (generated from fusion with cytoplasts carrying 45% A3243G mtDNA) was serially diluted and mtDNA of 24 subclones was genotyped 27 weeks after fusion. The observed results were grouped in intervals of 10% (shaded bars) and compared to the predicted distribution for random partitioning of independently segregating units of 200 (open bars) and 1000 (solid bars) (see for details of the method of statistical analysis).
retained a constant proportion of mutant mtDNA additional shift toward higher levels of average heteroplasmy during the time of the experiment, we compared throughout the experiment. The outcome of the experiment indicates that intercellular competition based on the results with the distributions of heteroplasmy levels predicted to have arisen from random, mitotic segregarespiratory competence or on some other growth-regulatory parameter can influence the direction as well tion, using mathematical models based on 1000, 200, or Ͻ200 segregating units. The observed range of heteras the endpoint of segregation in NT2 cybrids. The tendency for the proportion of A3243G mutant mtDNA oplasmy levels was narrower than predicted even on the basis of 1000 segregating units ( Figure 6 ). This finding, to increase in bulk culture or in individual cybrid clones appears to be an inherent property of the mutation and coupled with the knowledge that mtDNA is arranged in multigenomic structures, or nucleoids, of approxicell background, since it occurred across a range of heteroplasmy levels where respiration was unaffected.
mately five copies (Iborra et al. 2004; Legros et al. 2004) , which display limited movement (Garrido et al. However, eventual stabilization of the level of heteroplasmy in the 80-90% range appears to be a trade-off 2003), suggests that heteroplasmy for A3243G mtDNA in NT2 cybrids is not maintained simply by stochastic between this natural tendency toward higher levels of mutant mtDNA, counteracted by the selective disadvanprocesses, but is subject to mechanistic constraints connected with mtDNA replication or partition, such as tage to growth of exceeding this threshold level.
Mitotic segregation in NT2.3243 cybrids: The overall faithful duplication of nucleoids ( Jacobs et al. 2000) . Relevance of the findings to mitochondrial disease: tendency for mutant mtDNA levels to increase in bulk culture of NT2.3243 cybrids, even after cloning, might
The clinical phenotypes associated with the A3243G mutation are diverse, and the progression of the disease mask the fact that random mitotic segregation can shift the proportion of mutant mtDNA in either direction at is also unpredictable. Since the mutation is always heteroplasmic, the patterns of evolution of heteroplasmy in any given cell division. To measure the extent of mitotic segregation in NT2.3243 cybrids, we analyzed the range a given patient, both during development and in adulthood, may have a crucial bearing on the clinical phenoof heteroplasmy values in subclones obtained by plating at limiting dilution and derived from a specific cybrid type. However, it has thus far been difficult to study this parameter in the relevant tissues in vivo, especially in clone maintained for 35 weeks after cybrid formation. The rate and extent of segregation depends on the the central nervous system and sensory epithelia (as well as pancreatic ␤-cells). effective number of segregating units. For instance, a cell with 50% mutant mtDNA transmitted as a small Previous analyses of heteroplasmic evolution in cybrid cell models showed that cellular background can confer number of segregating units will give rise to cells with the full range of mutant and wild-type mtDNAs after a systematic segregation toward or away from A3243G mutant mtDNA, but that stable heteroplasmy with minimal few cell divisions, whereas much higher numbers of a segregating unit (10 3 or greater) will tend to cluster mitotic segregation can also be maintained over long periods of time. This study is the first to analyze the around the original value, even after 100 or more cell divisions.
behavior of A3243G mutant mtDNA in a cellular background potentially more relevant to the main disease To exclude any effect of respiratory selection, we chose a cybrid clone exhibiting a relatively low average level features. The findings are highly provocative. First, they conof heteroplasmy for A3243G (43%). Ignoring any small firm the tendency of mutant mtDNA to increase with These observations might be explained on the basis of mtDNA loss, leading to apoptosis of pancreatic cells in time, a tendency shared with some, but not all, other cell backgrounds studied. In NT2 cells, however, mutant which A3243G mutant mtDNA had accumulated above a critical threshold level, as seen in NT2 cell cybrids in mtDNA invariably increases to Ͼ80% in contrast to other cell backgrounds where it can apparently stabilize this study. The final phenotype in A3243G disease may therefore be a combination of the effects of mitochonat much lower levels. Second, the findings indicate two alternate endpoints of this process: either stabilization drial translational dysfunction and mtDNA loss, influenced by the directional patterns of mitotic segregation at a "tolerated" level of heteroplasmy, determined by an equilibrium between further segregation toward mutant in different tissues. mtDNA and phenotypic counterselection at the cellular outcome of mitotic segregation, pointing toward clinically severe consequences. If it applies in vivo, it may go some way toward explaining why MELAS has such LITERATURE CITED potentially devastating effects on the nervous system, although not in every individual carrying the A3243G
